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Abstract: One way to reach a more sustainable cement industry is replacing clinker by additions, 12 
such as waste brick powder. The objective of this research is to analyse the influence in the 13 
long-term (until 400 days) of waste brick powder in the microstructure, durability and mechanical 14 
properties of mortars which incorporate up to 20% of this addition as a clinker replacement. The 15 
microstructure has been studied with the non-destructive impedance spectroscopy technique. 16 
According to the obtained results, mortars with 10% and 20% of brick powder, showed good 17 
service properties in the long-term, even better than those made with ordinary Portland cement. 18 
Keywords: waste brick powder; sustainability; microstructure; impedance spectroscopy; 19 
durability; mechanical properties. 20 
 21 
1. Introduction 22 
Nowadays, one of the industrial sectors which more pollution produces worldwide is the 23 
cement manufacture. Therefore, reaching a more environmentally sustainable cement industry still 24 
constitutes an important challenge, especially in search of reducing the CO2 emissions generated 25 
Con formato: Español (alfab.
internacional)
 2 of 2235 
 
along the cement production. One of the most common ways to lessen those emissions is replacing 26 
partially, or even totally, clinker by supplementary cementitious materials or other additions in 27 
general [1–3][1–3] . Ground granulated blast-furnace slag, fly ash and silica fume are now some of 28 
the most popular additions [4–7] [4–6] , and cements including those additions are produced at 29 
industrial scale. Furthermore, many additions, such as the abovementioned ones, are pollutant 30 
wastes produced during other industrial processes, so their reuse would partly solve other 31 
environmental problems, like their storage. 32 
For those reasons, the research about new suitable cement additions is still the topic of many 33 
studies [7,8]. Among those additions, the study of brick powder as clinker replacement has been the 34 
topic of recent researches [9–12]. In the abovementioned studies, the effects of brick powder in 35 
cement-based materials properties have overall been studied in the short-term (up to 120 hardening 36 
days), and this addition came from construction and demolition wastes, as well as from defective 37 
bricks rejected along the manufacturing works. 38 
Regarding this addition, several studies [9,11,13–16] have determined that brick powder is a 39 
pozzolanic material. Its pozzolanic activity is produced as a consequence of the transformation of 40 
crystalline structures of clay silicates in amorphous compounds along the manufacture process of 41 
bricks [17], in which clay is exposed to high temperatures, ranging from 600ºC to 1000ºC. Other 42 
researches about the use of brick powder in mortars and concretes [10,18–20] have pointed out that a 43 
cement replacement up to a 20% of brick powder could be suitable, and it would not affect the 44 
physical and mechanical properties of the material. Moreover, it has been noted that the particle size 45 
is an important factor in order to insure an adequate behaviour of this addition [21], and it has also 46 
been pointed out that the best mechanical strength performance is obtained when the particle size of 47 
brick powder is less than 0.06 mm [22]. 48 
In addition to this, Schackow et al. [12] have concluded that the reaction between the 49 
amorphous compounds of brick powder, such as silica and alumina, with calcium hydroxide 50 
generates silicate/aluminate hydrates similar to those produced in the cement hydration. 51 
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Furthermore, according to the abovementioned work of Schackow et al. [12], another factor that 52 
could have an influence in the good performance of cement binders with brick powder, would be the 53 
filler effect of this addition, because it would occupy the pre-existing voids present in the pore 54 
network of the materials, reducing in this way their pore sizes. 55 
On the other hand, the study of the microstructure of cement-based materials is important, 56 
because it is related to their mechanical and durability-related properties [23]. Among the different 57 
techniques for characterising the microstructure, the novel non-destructive impedance spectroscopy 58 
has recently experienced a great development, becoming popular for the study of different 59 
cement-based materials, such as those prepared using slag and fly ash cements  [24,25][24,25], as 60 
well as exposed to aggressive  [26,27][26,27] or non-optimum environments [28–30][28]. 61 
Nevertheless, the impedance spectroscopy technique has never been used for studying the evolution 62 
of the microstructure of cement mortars which incorporate waste brick powder. 63 
Other uses of this waste have been as aggregate in hydraulic lime mortars [29] or colouring 64 
additive for plaster [30], with no structural intention. 65 
Therefore, the main objective of this research is to study the influence in the long-term (until 400 66 
days) of the addition of waste brick powder in the microstructure, durability and mechanical 67 
properties of mortars which incorporate up to 20% of this addition as a clinker replacement. As a 68 
reference, mortars made using ordinary Portland cement without additions were also studied. The 69 
non-destructive impedance spectroscopy technique and mercury intrusion porosimetry (as contrast 70 
technique) were used in order to characterise the microstructure of the specimens, and its time 71 
evolution. Moreover, differential thermal analysis of the mortars was also performed, in order to 72 
check the pozzolanic activity of the waste. Durability-related parameters, the effective porosity, the 73 
capillary suction coefficient, the steady-state diffusion coefficient obtained from saturated sample’s 74 
resistivity and the non-steady state chloride migration coefficient were analysed, to ensure that the 75 
addition of the brick powder will not worsen these properties. Finally, for checking the mechanical 76 
behaviour of the mortars, their flexural and compressive strengths were also obtained. 77 
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 78 
2. Materials and Methods  79 
2.1. Waste brick powder characterisation 80 
Waste brick powder was obtained from industrial brick residuals from demolition debris. 81 
Particles under 75 µm were selected after grinding and sieving the brick powder. The results of the 82 
chemical and physical analysis are shown in Table 1. 83 
Blaine values specified in Table 1 were obtained following the ASTM C204 specifications [31]. 84 
The values show that bricks powder presented higher specific surface than cement, agreeing with 85 
previous studies [9].  86 
The mineralogical study of the brick powder on dry powder was carried out using XRD. The 87 
inorganic crystalline phases identified in the XRD patterns (Figure 1Figure 1) were silica (sand used 88 
to adjust the plasticity of the brick green mixture), illite (main mineralogical constituent of the clay 89 
used in brick manufacture), and hematite (used to reduce the firing temperature and favour the 90 
formation of liquid phases). 91 
 92 
 93 
 94 
Table 1. Physical and chemical properties of waste brick powder 95 
Composition Brick powder 
SiO2 41.47 % 
Al2O3 39.05 % 
CaO 0.63 % 
Fe2O3 12.73 % 
SO3 1.59 % 
MgO - 
Na2O - 
K2O 2.81 % 
TiO2 1.03 % 
CuO 0.70 % 
Density 2660 kg/m3 
Blaine surface area 6485 m2/kg 
 96 
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 97 
Figure 1. XRD pattern of brick powder. 98 
 99 
In Figure 2Figure 2 SEM observation is reported, showing that waste brick powder consisted of 100 
morphologically irregular particles, whilst the elemental analysis (see Figure 3Figure 3) was 101 
substantially consistent with the XRD analysis. Finally, the particle size distribution of the waste 102 
brick powder used is shown in Figure 4Figure 4. 103 
 104 
 105 
 106 
Figure 2. (a) SEM micrograph of brick powder. 107 
 108 
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 109 
Figure 3. EDS analysis of brick powder. 110 
 111 
 112 
Figure 4. Particle size distribution of waste brick powder. 113 
 114 
2.2. Sample preparation 115 
Three types of cement mortars were studied in this work. The first one was prepared using a 116 
commercial ordinary Portland cement, designated CEM I 42.5 R (CEM I hereafter), according to the 117 
Spanish and European standard UNE-EN 197-1 [32]. Moreover, two blended cements, which 118 
incorporate waste brick powder, were used. Both blended cements were made with an ordinary 119 
Portland cement, CEM I 42.5 R [32], which was replaced by 10% and 20% of brick powder. They will 120 
be referred as BP10 and BP20 respectively from now on. The water to cement ratio was 0.5 for all the 121 
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mortars, and the aggregate to cement ratio was 3:1. Aggregates used were siliceous, with the 122 
granulometry according the the prescriptions of the standard UNE-EN 196-1 123 
Two kinds of specimens were prepared. The first type consisted of cylindrical specimens of 10 124 
cm diameter and 15 cm height, and the second one consisted of prismatic samples with dimensions 4 125 
cm x 4 cm x 16 cm [33]. Both kinds of samples were maintained in 95% relative humidity (RH) 126 
chamber and 20ºC for the first 24 hours. After that, they were de-moulded and the 10 cm-diameter 127 
and 15 cm-height cylindrical samples were cut to obtain different cylinders of 1 cm and 5 cm 128 
thickness. Finally, all the samples were kept under an optimum laboratory condition (20ºC and 100% 129 
RH) until the testing ages. 130 
 131 
2.3. Mercury intrusion porosimetry 132 
The classical mercury intrusion was used in order to study the microstructure of the mortars, in 133 
spite of its drawbacks [34,35]. The tests were performed with a porosimeter model Poremaster-60 GT 134 
from Quantachrome Instruments. Before the test, samples were oven dried for 48 hours at 50ºC. 135 
Total porosity, pore size distribution and percentage of Hg retained at the end of the experiment 136 
were studied. The testing ages were 28, 100, 200 and 400 days. 137 
 138 
2.4. Impedance spectroscopy 139 
The evolution of the pore structure of the mortars has also been studied using the 140 
non-destructive impedance spectroscopy technique. This technique has several advantages in 141 
comparison with other classical ones, because it allows obtaining global information of the 142 
specimens pore network [36,37][36,37], as well as to study the microstructure changes of the same 143 
sample during the studied period [38,39][28]. In recent years, several works [27,39][38,39] have been 144 
published in which this technique has been used for following the evolution of the pore structure of 145 
cement-based materials which incorporate well-known additions. However, there is no experience 146 
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about using impedance spectroscopy for studying cement-based materials which incorporates brick 147 
powder as clinker replacement. 148 
The impedance spectroscopy measurements were performed using an Agilent 4294A analyser. 149 
This analyser permits capacitance measurements in the range from 10–14 F to 0.1 F, with a maximum 150 
resolution of 10–15 F. In this work, the frequencies for obtaining the impedance spectra ranged 151 
between 100 Hz and 100 MHz. The electrodes used for performing the measurements were circular 152 
(Ø = 8 cm) and made of flexible graphite, attached to a copper piece with the same diameter. Both 153 
contacting and non-contacting methods were used [40]. An example of the measurement using each 154 
experimental setup is shown in Figure 5Figure 5. 155 
Samples were in a close to saturation state since they were stored under 100% RH, fact that 156 
ensures absence of drying on samples, so it was not necessary to saturate them before measuring the 157 
impedance spectra. 158 
The measurements were validated using the Kramers–Kronig (K–K) relations [41] (see Figure 159 
6.a) and the differential impedance analysis [42] was applied to them (see Figure 6Figure 6.b). As it 160 
can be seen, the measurement is valid and it contains two time constants in the measured spectra, 161 
with independence of the experimental setup. This result permits to fit the experimental data to the 162 
equivalent circuits proposed by Cabeza et al. [40] (see Figure 5), which include two time constants. 163 
Those circuits are constituted by several resistances and capacitances, which are related to different 164 
elements of the microstructure of cement-based materials [37]. On one hand, the resistance R1 is 165 
associated only with the percolating pores of the sample, while the resistance R2 provides 166 
information about all its pores. On the other hand, the capacitance C1 is related to the solid fraction 167 
of the sample and the capacitance C2 is associated to the pore surface in contact with the electrolyte 168 
which fills the pore network of the material [37].As can be observed in Figure 5Figure 5, the 169 
impedance parameters R2, C1 and C2 are present in both contacting and non-contacting methods. In 170 
this research, only the values of these parameters (R2, C1 and C2) obtained with non-contacting 171 
method have been studied, due to its higher accuracy. The value of the resistance R1 can only be 172 
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obtained by using the contacting method, and the values of this resistance have been obtained from 173 
the contacting measurements. 174 
Eight different disks of approximately 1 cm thickness were tested for each cement type. The 175 
evolution of impedance parameters with time has been reported to over a 400 hardening days. 176 
 177 
  
 178 
Figure 5. (a) Nyquist plot obtained for a BP20 mortar at 20 hardening days and the equivalent circuit 179 
used for the fitting of the impedance spectra obtained using the contacting method. (b) Cole-Cole plot for a 180 
BP20 mortar at 37 hardening days and the equivalent used for the fitting of the impedance spectra 181 
obtained using the non-contacting method. 182 
 183 
  
 184 
Figure 6. (a) Bode plot obtained at 20 hardening days for the BP20 mortar of Figure 5Figure 5.a validated 185 
using the Kramers-Kronig (K-K) relations (see the text for details). (b) Differential impedance analysis of 186 
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the impedance spectrum shown in Figure 6Figure 6.a. The two maxima in the plot reveal the presence of 187 
two time constants in the impedance spectrum. 188 
 189 
2.5. Differential Thermal Analysis 190 
The differential thermal analysis was performed using a simultaneous TG-DTA model 191 
TGA/SDTA851e/SF/1100 from Mettler Toledo, capable of working between room temperature and 192 
1100ºC. The selected heating ramp was 20ºC/min up to 1000ºC in N2 atmosphere. The curves weigh 193 
derivate versus temperature were studied for each mortar type at 15 and 90 days. 194 
 195 
2.6. Capillary absorption test 196 
The capillary absorption test was performed according to the standard UNE 83982 [43], which 197 
is based on the Fagerlund method to determine the capillarity of concrete. In relation to the 198 
pre-conditioning procedure, firstly the samples were completely dried in an oven at 105ºC for 12 h 199 
and, since then until the beginning of the test they were kept in a hermetically sealed container with 200 
silica gel during the next 12 h [45–47][44]. Furthermore, prior to the test, the circumferential surface 201 
of the specimens was sealed using self-adhesive tape [46,47][45]. 202 
The test was performed using a container with a flat base, in which the samples were placed 203 
according to the UNE 83982 [43]. Along the test, the level of distilled water was kept constant at 5±1 204 
mm on the lateral surface of the specimens. In addition to this, the abovementioned standard [43] 205 
establishes that more than a 95% of the base of the sample should be in contact with water. The 206 
container was hermetically closed throughout the test. Samples were weighed at different times set 207 
in the standard [43]. The test finished when the difference between two consecutive weights was 208 
lower than 0.1%, in mass, with 24 hours difference. Finally, the capillary suction coefficient and 209 
effective porosity were calculated according to the expressions: 210 
 
e
a
Q  - Qn 0ε  = 
A h δ⋅ ⋅
 (1) 211 
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a eδ εK = 
10 m
⋅
⋅
with n2
t
m = 
h
 (2) 212 
 213 
Where: εe is the effective porosity. Qn is the weight of the sample at the end of the test (g). Q0 is 214 
the weight of the sample before starting the test (g). A is the surface of the sample in contact with 215 
water (cm2). h is the thickness of the sample (cm). δa is the density of water (1 g/cm3). K is the 216 
capillary suction coefficient (kg/m2min0.5). m is the resistance to water penetration by capillary 217 
suction (min/cm2). tn is the time necessary to reach the saturation (minutes). 218 
For each cement type, three different cylinders of 10 cm diameter and 5 cm thickness were 219 
tested at 28, 200 and 400 days. 220 
 221 
2.7. Steady-state diffusion coefficient obtained from saturated sample’s resistivity 222 
The electrical resistivity gives information about the pores connectivity of cement-based 223 
materials, as well as permits to determine their steady-state chloride diffusion coefficient (DS) [46]. 224 
Here, the resistivity was calculated from the impedance spectroscopy R1 values obtained in 225 
saturated cylindrical specimens of 10 cm diameter and 5 cm thickness. As has been explained in the 226 
section 2.4, the impedance resistance R1 is associated to pores which cross the sample [40], and 227 
therefore it is equivalent to the electrical resistance of sample [48,49][44]. The studied samples were 228 
saturated for 24 h according to ASTM Standard C1202 [31][48] and they were used later for the 229 
forced migration tests. The steady-state ionic diffusion coefficient was calculated according to the 230 
expression [46]: 231 
 
-10
S
2 10D  = 
ρ
⋅
 (3) 232 
 233 
Where: Ds is the chloride steady-state diffusion coefficient through the sample (m2/s). ρ is the 234 
electrical resistivity of specimen (Ω·m). 235 
For each cement type, three different samples were tested at 28, 200 and 400 days. 236 
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 237 
2.8. Forced migration test 238 
The forced chloride migration test was performed on water-saturated mortar samples, 239 
according to NT Build 492 [47]. The main result of this test is the non-steady-state chloride migration 240 
coefficient DNTB. For each cement type, three different cylindrical samples of 10 cm diameter and 5 241 
cm height were tested at 28, 200 and 400 hardening ages. 242 
 243 
2.9. Mechanical strength test 244 
The compressive and flexural strengths were determined according to the standard UNE-EN 245 
196-1 [33]. Three different prismatic samples with dimensions 4 cm x 4 cm x 16 cm were tested for 246 
each cement type at 28, 200 and 400 hardening ages. 247 
 248 
3. Results 249 
3.1. Mercury intrusion porosimetry 250 
The results of total porosity for CEM I, BP10 and BP20 mortars are depicted in Figure 7Figure 7. 251 
This parameter decreased from 28 to 200 days for all the studied mortars, mainly between 28 and 100 252 
days, and since 200 days it kept practically constant or slightly increased depending on the content 253 
of addition. In general, the total porosity was higher for BP20 mortars up to 200 days, and it was very 254 
similar for both CEM I and BP10 ones. However, there were hardly differences in total porosity at 255 
400 days for the three types of analysed mortars. 256 
The pore size distributions for the studied specimens are shown in Figure 8Figure 8. The 257 
microstructure was more refined for mortars with brick powder, as indicated their higher relative 258 
volume of pores of the ranges <10 nm and 10-100 nm. Moreover, this pore refinement was greater as 259 
the percentage of addition was higher. For CEM I specimens, the pore size distribution hardly 260 
changed with age. On the other hand, for BP10 and BP20 mortars, the microstructure became more 261 
refined with time, as showed the progressive increase of percentage of finer pores. 262 
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Figure 7. Results of total porosity for mortars prepared using only ordinary Portland cement (CEM I), 264 
and for those with a content of 10% (BP10) and 20% (BP20) of brick powder. 265 
 266 
The results of percentage of Hg retained in the samples at the end of the experiment are 267 
depicted in Figure 9. Along the studied period, the highest values of this parameter corresponded to 268 
brick powder mortars. Until 200 days, the Hg retained generally increased for all the specimens, and 269 
since then up to 400 days it kept practically constant or slightly decreased depending on the mortar 270 
typedecreased for the mortar with no addition of brick powder, and increased for the mortar with a 271 
10% of addition of the waste. For samples with 20% of addition there was a decrease in the retained 272 
mercury, but lower than for the OPC. 273 
 274 
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Figure 8. Pore size distributions obtained for the three types of studied mortars. 276 
 277 
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Figure 9. Results of mercury retained at the end of mercury intrusion porosimetry test for the studied 279 
mortars. 280 
 281 
3.2. Impedance spectroscopy 282 
The results of resistance R1 can be observed in Figure 10. In general, this parameter rose with 283 
age for the three types of mortars studied. Nevertheless, the increasing rate of the resistance R1 was 284 
higher for specimens with brick powder, and as a consequence, the values of this parameter were 285 
greater for those specimens compared to CEM I ones, especially from 100 hardening days. The 286 
values of resistance R1 were very similar for both BP10 and BP20 mortars over the studied time 287 
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period. As it can be seen in the enlarged area of Figure 10, the initial values of resistance are higher 288 
for mortars prepared with brick powder, and greater for BP20. 289 
 290 
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 292 
Figure 10. a) Results of impedance spectroscopy resistance R1  for the studied mortars. b) Zoomed area of 293 
the initial behaviour of the resistance. 294 
 295 
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With respect to resistance R2, its results are shown in Figure 11. This parameter rose with 296 
hardening age for mortars which incorporated brick powder and hardly changed for CEM I 297 
samples. The resistance R2 increasing rate was higher for BP20 mortars in comparison with BP10 298 
ones. At 400 days, the greatest values of this parameter were noted for BP20 specimens and the 299 
lowest R2 were observed for CEM I mortars. Moreover, equivalent behaviour as R1 has been found 300 
in the initial days. 301 
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 303 
Figure 11.  a) Results of impedance spectroscopy resistance R2  for the studied mortars.b) Zoomed area of 304 
the initial behaviour of the resistance 305 
 306 
The evolution of capacitance C1 is shown in Figure 12Figure 12. This parameter was overall 307 
similar for the three kinds of analysed mortars. It grew relatively faster at early ages, but since 100 308 
days approximately it kept practically constant. The capacitance C1 values were slightly higher for 309 
mortars with brick powder, even though they showed the higher porosity. 310 
 311 
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Figure 12. Results of impedance spectroscopy capacitance C1 for the studied mortars. 313 
 314 
The results of capacitance C2 are depicted in Figure 13Figure 13. This capacitance increased up 315 
to 100 days approximately, and from then to 400 days it kept almost constant or hardly decreased, 316 
depending on the kind of mortars. The values of capacitance C2 were higher for mortars with brick 317 
powder, especially for BP20 ones, compared to those prepared with CEM I without addition. 318 
 319 
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Figure 13. Results of impedance spectroscopy capacitance C2 for the studied mortars. 321 
 322 
3.3. Differential ThermalThermogrvimetric Analysisanalysis 323 
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The derivate of weight versus temperature curves obtained for the studied mortars at 15 and 90 324 
hardening ages are shown in Figure 14Figure 14. As can be observed, the area of portlandite peak of 325 
those curves was lower for mortars with brick powder, especially for BP20 ones. Table 2 shows the 326 
evolution of the percentagearea of the portlandite peak in the sample with age as a function of the 327 
content in brick powder. It has been presented as percentage of the initial mass due to the small 328 
differences in mass of the samples used for TG tests. 329 
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Figure 14. (a) Derivate of weight versusPercentage of mass vs temperature (TG) curve  obtained for the 331 
studied mortars at 15 hardening days. (b) Percentage of mass vs temperature (TG) curve Derivate of 332 
weight versus temperature curve obtained for the analysed mortars at 90 hardening days. 333 
 334 
Table 2. Area of the portlandite peakPercentage of porlandite in the sample as a function of age and 335 
binder used 336 
Binder designation 15 days 90 days % increase 
CEM I 11.43%0.2844 12.16%0.3081 6.378.33 
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Código de campo cambiado
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BP10 9.09%0.1525 9.24%0.1458 1.61-4.37 
BP20 7.62%0.1110 7.57%0.1081 -0.58-2.65 
 337 
3.4. Capillary absorption test 338 
The parameters obtained from this test, as has been previously explained, are the capillary 339 
suction coefficient K and the effective porosity of the samples. The results of the capillary suction 340 
coefficient K are depicted in Figure 15Figure 15. For CEM I mortars, this coefficient hardly changed 341 
along the studied period. On the other hand, for mortars with brick powder the coefficient K 342 
decreased with time, although for BP10 ones this decrease was continuously produced between 28 343 
and 400 days, while for BP20 mortars it was mainly noted from 28 to 200 days. At 400 days, the 344 
coefficient K values were similar for both kinds of brick powder specimens and lower than those 345 
observed for CEM I ones. 346 
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Figure 15. Results of capillary suction coefficient (K) for CEM I, BP10 and BP20 mortar samples. 348 
 349 
The effective porosity results can be observed in Figure 16Figure 16. This porosity scarcely 350 
decreased with hardening age for the analysed mortars. Along the studied period, the lowest 351 
effective porosity values always corresponded to BP20 mortars, whereas the highest ones were 352 
noted for CEM I specimens. 353 
 354 
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Figure 16. Results of effective porosity for the studied mortars. 356 
 357 
 358 
3.5. Steady-state diffusion coefficient obtained from saturated sample’s resistivity 359 
The changes with time of the steady-state chloride diffusion coefficient obtained from saturated 360 
sample’s resistivity are shown in Figure 17Figure 17. This parameter hardly rose with hardening age 361 
for CEM I mortars, while it slightly decreased for BP10 and BP20 ones. Throughout this research, the 362 
mortars with brick powder showed lower diffusion coefficient values compared to CEM I ones. 363 
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Figure 17. Results of the steady-state chloride diffusion coefficient obtained from the resistivity of 365 
saturated samples of CEM I, BP10 and BP20 mortars. 366 
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 367 
3.6. Forced migration test 368 
The results of the non-steady-state chloride migration coefficient DNTB obtained for the studied 369 
mortars are depicted in Figure 18Figure 18. This parameter scarcely decreased with hardening time 370 
for all the specimens including brick powder, but it increased for samples prepared with OPC. The 371 
values of chloride migration coefficient were very similar for mortars with brick powder and they 372 
were considerably lower than those noted for CEM I ones. 373 
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Figure 18. Results of the non-steady-state chloride migration coefficient for CEM I, BP10 and BP20 375 
mortars. 376 
 377 
3.7. Mechanical strength test 378 
The results of compressive and flexural strengths obtained for the studied mortars are depicted 379 
in Figure 19Figure 19 and Figure 20Figure 20 respectively. The compressive strength rose with 380 
hardening age for all the studied mortars, although the increasing rate of this parameter was 381 
scarcely higher for CEM I and BP10 specimens. Despite that, at 400 days there were hardly 382 
compressive strength differences among the different kinds of mortars. On the other hand, the 383 
flexural strength kept practically constant over the 400-days period, and it was slightly greater for 384 
mortars with brick powder in comparison with CEM I ones. 385 
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Figure 19. Results of compressive strength for the studied mortars. 387 
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Figure 20. Results of flexural strength for the studied mortars. 390 
 391 
 392 
4. Discussion 393 
4.1. Microstructure characterisation 394 
Regarding the mercury intrusion porosimetry results, the general decrease of the total porosity 395 
observed in the short-term (see Figure 7Figure 7) could be related to the progressive development of 396 
clinker hydration [49,50][28] and the pozzolanic reactions of brick powder [9,11], which would form 397 
new solid phases, reducing the volume of pores of the materials. The similar values of total porosity 398 
obtained for CEM I and BP10 mortars would mean that a replacement of a 10% of clinker by brick 399 
Con formato: Inglés (Reino Unido)
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powder would hardly have an influence on this parameter. On the other hand, the highest values of 400 
total porosity noted up to 200 days for BP20 specimens could be explained in relation to their higher 401 
volume of brick powder addition. The development of pozzolanic reactions of brick powder would 402 
need the presence of portlandite produced by clinker hydration [11]. The content of clinker for BP20 403 
mortars was lower than for BP10 ones, therefore at the same hardening ages, it is expected that less 404 
amount of portandite has been formed for BP20 specimens. This lower availability of portlandite 405 
would could produce a slight delay in the development of brick powder pozzolanic reactions for 406 
BP20 mortars [15], entailing that more time was needed in order to reduce total porosity. The 407 
increase of the total porosity between 200 and 400 days could be due to shrinkage since this increase 408 
is lower for BP20 samples. This result suggests that in addition to certain pozzolanic activity, they 409 
may act as filler, as could be expected since they present some quartz (see Figure 1Figure 1). The 410 
reaction promotes pore network refinement, leading to greater shrinkage [48], but the filler acts as a 411 
reducer of that phenomenon [49]. The BP20 has more addition, and as a consequence more filler and 412 
that could be the reason of the smaller increase in porosity. 413 
With respect to the pore size distributions of the studied mortars (see Figure 8Figure 8), the 414 
greater pore refinement observed as the content of brick powder was higher, could be due to the 415 
development of pozzolanic reactions of this addition [9,11]. As products of these reactions, 416 
additional CSH phases would be formed [12], reducing the pore sizes. Furthermore, the 417 
microstructure refinement with hardening time noted for the studied mortars, especially for BP10 418 
and BP20 ones, could be again a result of the progressive development of hydration and pozzolanic 419 
reactions [16]. This development would be more time extended for those pozzolanic ones, as 420 
suggested the pore size distribution results for brick powder mortars at 200 and 400 days. The Hg 421 
retained results (see Figure 9Figure 9) overall coincided with pore size distributions previously 422 
discussed. The higher values of this parameter observed for brick powder mortars would show a 423 
greater tortuosity of their pore network, which would be in keeping with their higher refinement. 424 
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The pozzolanic activity of the addition can be confirmed by the TG-DTA results (see Figure 14 425 
and Table 2). For CEM I the amount of portlandite increased from 15 to 90 days due to the progress 426 
of the hydration reactions of the clinker. For BP10 and BP20 samples the amount of portlandite 427 
decreaseddid not increase much, or even decreased, due to the consumption of portlandite in the 428 
pozzolanic reactions. This effect is more important in BP10, confirming the hypothesis of the slowing 429 
down of the pozzolanic reactions in the BP20 because of the lower amount of portlandite available, 430 
as suggested before. These results are in agreement with previously published papers [11,16]. 431 
In relation to impedance spectroscopy results, both resistances R1 and R2 are related to the 432 
electrolyte which fills the pores of the sample [40]. However, the resistance R1 is associated only with 433 
the percolating pores of the sample [40], while resistance R2 provides information about all the pores 434 
of the sample (both occluded and percolating ones) [40]. The increase with age of both resistances 435 
and the higher values showed by brick powder mortars (see Figure 10Figure 10 and Figure 11Figure 436 
11) would agree with mercury intrusion porosimetry results, mainly with their important pore 437 
refinement, which was explained in relation to the development of hydration and pozzolanic 438 
reactions [12]. The greater resistances R2 noted for BP20 mortars could also have relation with the 439 
higher microstructure refinement of those mortars, particularly at 200 and 400 days. In addition to 440 
this, the higher values of the resistances from the initial stage would confirm the filler effect of the 441 
addition. The porosity of the samples is higher for those containing brick powder, while the 442 
electrical resistance shows the opposite effect. This result confirms the filler effect [12], because the 443 
addition particles could block the currentrefine the whole pore network., but not causing a change in 444 
the porosity, as has been schematically represented in Figure 21. 445 
 446 
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 447 
 448 
Figure 21. (a) Schematic representation of pore of the microstructure of material. (b) Block of the pore due 449 
to the filler effect of the brick powder particles. 450 
 451 
The impedance capacitance C1 is related to the solid fraction of the sample [40]. The values of 452 
this parameter hardly differ for the different studied mortars (see Figure 12Figure 12). This would 453 
mean that all of them would have a similar solid fraction, independently of their pore size 454 
distribution. Therefore, only small porosity differences among them could be expected, which 455 
would be in keeping with total porosity results (see Figure 7Figure 7). The rise with time of 456 
capacitance C1, especially in the short-term, would agree with the reduction of total porosity noted 457 
from 28 to 100 days. This would be produced by the solid phases formation as products of hydration 458 
and pozzolanic reactions [11], as has been already explained. The higher value of C1 for samples 459 
with brick powder reflects the different nature of the solids present in the material, due to the waste. 460 
The capacitance C2 is associated to the pore surface in contact with the electrolyte which fills the 461 
pore network of the material [37]. The rise of this capacitance in the short-term for all the studied 462 
mortars would mean that the pore surface increased, likely due to rough structures formed by the 463 
new solids made as products of clinker hydration [28] and brick powder pozzolanic reactions [11]. 464 
The higher capacitance C2 values noted for mortars which incorporate brick powder would be in 465 
accordance with their more refined microstructure showed by mercury intrusion porosimetry. 466 
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However, in the long-term this capacitance did not rise, or even slightly decreased, which was more 467 
noticeable for brick powder samples. This result could be explained in relation to the progressive 468 
silting of the pores, as a consequence of the prolonged development of hydration and pozzolanic 469 
reactions [12], which would produce a progressive pores filling and closing of the microstructure 470 
[27]. 471 
Lastly, considering the study of the microstructure of the analysed mortars, all of them agree in 472 
that the addition of 10% and 20% of waste brick powder entailed an improvement of pore structure 473 
of the mortars in both short- and long-term. 474 
 475 
4.2. Durability-related parameters 476 
The importance of the capillary suction coefficient K and effective porosity has been widely 477 
reported [51][44]. The results of both parameters (see Figure 15Figure 15 and Figure 16Figure 16) 478 
were overall in keeping with those obtained in the characterisation of microstructure. The lowest 479 
coefficient K and effective porosity values observed for brick powder mortars would indicate a 480 
higher difficulty of water ingress in those mortars in comparison with CEM I ones, even though the 481 
total porosity was always higher. This result confirms that both the pozzolanic activity and the filler 482 
effect of the addition are positive from the point of view of the durability, because the combination 483 
of both effects causes a more refined pore network [12,49]. 484 
The analysis of the influence of brick powder addition with respect to chloride ingress 485 
resistance of the materials is interesting, because this aggressive ion is one of the most common 486 
causes of the corrosion of reinforcing elements. Here, the resistance against chloride ingress was 487 
studied through the steady-state diffusion coefficient (Ds), obtained from saturated sample’s 488 
resistivity, and with the non-steady-state migration coefficient (DNTB). Both coefficients were lower 489 
for brick powder mortars along the studied time period (see Figure 17Figure 17 and Figure 18Figure 490 
18). Again, this could be due to the higher pore network refinement of BP10 and BP20 mortars 491 
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compared to CEM I, as revealed the mercury intrusion porosimetry and impedance spectroscopy 492 
techniques, whose results were previously discussed. 493 
Finally, according to the analysis of the previously discussed parameters, all of them would 494 
indicate that the replacement of 10% and 20% of clinker by waste brick powder would improve the 495 
durability properties of the mortars throughout the 400-days studied period. 496 
 497 
4.3. Mechanical strength results 498 
The study of the performance of cement-based materials related to their mechanical strength is 499 
important, because the strength constitutes one of the most important requirements of concrete and 500 
other cement-based materials structural elements. In this work, both compressive and flexural 501 
strengths were studied. Both parameters were similar or even higher for brick powder mortars in 502 
comparison with CEM I specimens (see Figure 19Figure 19 and Figure 20Figure 20). This result 503 
would be in accordance with those obtained in the microstructure characterisation and for the 504 
durability-related parameters, already described and discussed. They would show the beneficial 505 
effect of the addition of brick powder in the performance of cement mortars [12]. It is important to 506 
notice that all the materials fulfil the requirement of the standard about the compressive strength of 507 
mortars. This requirement is included in Figure 19Figure 19 with a dotted line. 508 
 509 
5. Conclusions  510 
The main conclusions that can be drawn from the results previously discussed can be 511 
summarized as follows: 512 
• The microstructure characterisation performed in this research would confirm the 513 
pozzolanic activity of the waste brick powder. The effect of this pozzolanic activity was 514 
more noticeable for mortars with 10% of brick powder, because of the higher amount of 515 
portlandite available compared to those with 20% of this addition. 516 
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• The waste brick powder would also act as filler, reducing the effect of the greater shrinkage 517 
phenomenon, which is likely produced by the higher pore refinement due to the 518 
development of the pozzolanic reactions of this addition. 519 
• The pore structure of all the studied mortars became more refined with hardening age, 520 
probably due to the progressive development of clinker hydration and pozzolanic reactions 521 
of brick powder. 522 
• Mortars with waste brick powder showed higher microstructure refinement compared to 523 
CEM I ones, which could be related to combined action of the additional solid phases 524 
formed as products of pozzolanic reactions of brick powder and the filler effect of this 525 
addition. 526 
• The results of the non-destructive impedance spectroscopy technique are overall in keeping 527 
with those obtained with mercury intrusion porosimetry. Therefore, the impedance 528 
spectroscopy can be used for following the pore network development of mortars which 529 
incorporate waste brick powder as clinker replacement. Moreover, the impedance 530 
resistances results would confirm the filler effect of this addition. 531 
• The addition of waste brick powder up to 20% of the binder, would entail an improvement 532 
of the durability-related properties of the mortars, especially their chloride ingress 533 
resistance, compared to CEM I mortars. This positive performance could be due to their 534 
more refined pore network produced by both the pozzolanic activity and the filler effect of 535 
this addition. 536 
• The addition of 10% and 20% of waste brick powder did not produce a loss of compressive 537 
strength of the mortars, which fulfilled the compressive strength values required by the 538 
corresponding standard. 539 
• According to the results obtained in this research, mortars which incorporated 10% and 20% 540 
of waste brick powder as clinker replacement, showed good service properties in the 541 
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long-term (400 days), even better than those made with ordinary Portland cement without 542 
additions. 543 
 544 
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